ABSTRACT The effects of temperature on the output performance of piezoresistive pressure sensors are studied in this paper. The influences of the environmental temperature, the residual stress due to the fabrication process, and the residual stress due to the packaging on the piezoresistive coefficient and resistance are theoretically investigated. The simulation results are obtained via finite element analysis through ANSYS. The results of experimental studies performed on piezoresistive pressure sensors fabricated using MEMS techniques are reported to verify the simulation results. The output characteristics of piezoresistive pressure sensors are shown to be substantially affected by not only the environmental temperature but also the residual stresses from the fabrication and packing processes.
I. INTRODUCTION
Mems pressure sensors provide the ability to measure the low-pressure range and have the advantages of small size, low power requirements, good performance and the ability to be mass produced via micromachining [1] . Pressure sensors are among the most widely used MEMS products on the market. Notably, these sensors have a variety of applications, such as in microscale mechatronic systems [2] , automobiles [3] , aerodynamics [4] , [5] , process control [6] and biomedical equipment [7] , [8] . On the basis of their sensing principles, MEMS pressure sensors can be divided into piezoresistive, capacitive, optical, and resonance sensors, among other types. Piezoresistive pressure sensors are the most frequently applied type because they have significant advantages over other sensors, such as good linearity, high pressure sensitivity, small size, high performance, low cost, and easy fabrication [9] . A piezoresistive pressure sensor consists of a diaphragm and four piezoresistors in a Wheatstone bridge configuration. The diaphragm is subjected to pressure loading, transforming the input pressure into a stress field [10] , [11] . In pressure sensor applications, the devices The associate editor coordinating the review of this manuscript and approving it for publication was Hamid Mohammad-Sedighi.
often operate in variable-temperature environments. Unfortunately, the main disadvantage of piezoresistive sensors is the effect of temperature on the sensor output, which leads to thermal zero shift and sensitivity drift. Moreover, these pressure sensors are often fabricated and packaged under high-temperature conditions. Therefore, thermal residual stress influences the measurement results of piezoresistive sensors [12] . Numerous studies have been conducted to evaluate this limitation to improve the sensor performance. The contributing factors can be classified into three main categories: the effects of temperature on the piezoresistive coefficient and resistance, the thermal residual stress due to the fabrication process, and the residual stress due to the sensor chip packaging.
First, the effects of the doping level on the thermal behavior of silicon resistors have been studied, and the results show that the thermal coefficients of the resistors and the piezoresistive coefficient are functions of the doping level and temperature [13] . The thermal variations of the offset voltages of piezoresistive pressure sensors have also determined under the assumption of piezoresistors with different thermal coefficients [14] . In other reports, various theoretical and experimental methods have been adopted to estimate the thermal drift characteristics of piezoresistive pressure sensors. In these studies, the dependences of the piezoresistive coefficient and zero-offset voltage on the temperature and temperature drift were considered [15] . Unfortunately, the thermal residual stresses on the sensor diaphragm were not considered when estimating the thermal effects.
Second, the thermal residual stress generated during the fabrication of sensor chips influences thermal hysteresis [16] . For example, Chiou and Chen [17] reported a thermal hysteresis analysis of MEMS pressure sensors in which it was found that different layouts and areas of the metal pads led to different residual stresses on the resistors. The same results were found by Hsin-Nan Chiang. Experimental and simulation results showed that the dimensions and placement of the aluminum traces influenced the hysteresis voltage [18] . Clearly, these studies overlooked a key component: the thermal behavior of silicon resistors was not considered. In addition, the sensor chips were fabricated by cutting a single chip from a silicon wafer after a series of fabrication processes, so the residual stress in the silicon wafer due to the passivation layers deposited on the silicon substrate should be considered.
Third, the purpose of sensor packaging is to enhance the sensor sensitivity and reduce thermal effects by means of silicone gel [12] . Krondorfer et al. [19] studied the effect of epoxy-based molding compound packaging on MEMS pressure sensors and found that the stresses induced by the molding compound influenced the sensor output. Additionally, Chiou [20] compared two types of packaging with a glass substrate to isolate the thermal stress from the plastic housing, which substantially reduced the thermal hysteresis. While many studies have addressed the thermal behavior of piezoresistors and the residual stresses in the membrane originating from the fabrication process, the causes of thermal instability remain important concerns in pressure sensor design and fabrication. Therefore, considerable attention has been paid to determining the causes of temperature effects in silicon pressure sensors.
In this paper, the influences of the environmental temperature, the residual stress due to the fabrication process, and the residual stress due to the packaging on the piezoresistive coefficient and resistance are investigated. A theoretical model has been developed to study the thermal behavior of piezoresistors. The thermal residual stresses of sensor chips are analyzed by means of finite element analysis (FEA) using ANSYS software. The results of multiple experiments conducted on piezoresistive pressure sensors fabricated via MEMS techniques are reported to verify the simulation results and the performance of the sensors.
II. EXPERIMENTAL PIEZORESISTIVE PRESSURE SENSOR DESIGN
A piezoresistive pressure sensor design has been developed to validate the instability of the thermal performance of such sensors. The design method and sensor chip fabrication process have previously been studied by Tran et al. [21] . The dimensions are shown in a three-quarter section view in Figure 1 . The sensor die is designed from a silicon wafer. The structure consists of a novel combined crossbeampeninsula structure on the membrane to generate higher stresses on the piezoresistor locations. Four piezoresistors are placed on top in a Wheatstone bridge configuration. SiO 2 is used as a passivation layer to prevent the elements from being damaged during the fabrication process. Pyrex 7740 glass is anodically bonded to the sensor die. Bulk micromachining technology is applied to fabricate a sensor chip from a standard n-type (100) silicon wafer of 380 µm in thickness. The MEMS techniques of low-pressure chemical vapor deposition (LPCVD) photolithography, anisotropic dry etching and boron implantation are employed to form the sensing elements and p-type silicon piezoresistors.
A. THE SENSING PRINCIPLE
The sensor design is based on piezoresistive effects, which can change a physical signal into an electrical signal. Generally, a piezoresistive sensor includes four resistors, which are placed on the stress concentration regions and arranged in a Wheatstone bridge configuration with two longitudinal piezoresistors (R 1 and R 3 ) and two transverse piezoresistors (R 2 and R 4 ). Briefly, it is assumed that the diaphragm is designed on n-type silicon, with all resistors being of p-type silicon with their longer axes along the (110) direction ( Figure 2 ). In the initial state, R 1 = R 2 = R 3 = R 4 = R 0 , and the resistance change R i very small relative to R 0 . On the basis of the Wheatstone bridge circuit, the equation relating the output voltage V o and the input voltage V in can be expressed as [22] V out = 1 4
FIGURE 2. Wheatstone bridge.
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Clearly, the output performance of a piezoresistive sensor depends on the resistance variation. Therefore, any fluctuations in resistance lead to device performance instability, especially when the sensor is operating in an environment of variable temperature and pressure. Generally, when such a sensor is subjected to variable stresses and temperatures, the piezoresistance of the silicon material ( R/R) will change. Suppose that the average longitudinal stress of a resistor is σ l and that the average transverse stress is σ t . The fractional change in resistance can be written as a combination of the longitudinal and transverse components:
where π l and π t are the longitudinal and transverse piezoresistive coefficients, respectively, and σ l and σ t are the longitudinal and transverse stresses, respectively. For p-silicon piezoresistors oriented in the < 110 > direction on a (100) silicon wafer, Eq. (2) can be rewritten as follows:
where π 44 is the shearing piezoresistance coefficient. By inserting Eq. (3) into Eq. (1), the sensor output voltage can be expressed as
Equation (4) expresses how the piezoresistance coefficient and stresses affect the voltage output of the sensor. The piezoresistance coefficient is sensitive to the temperature, doping level, conductivity type and orientation of the resistors. Meanwhile, the stresses on the sensor can depend on the operating pressure and temperature. The thermal stresses due to the fabrication process and packaging that are caused by thermal mismatch must also be considered in this study.
B. THERMAL PERFORMANCE INSTABILITY
In the proposed sensor, several materials with different thermal expansion coefficients are combined into one unit. The fabrication process is also conducted under different temperature conditions. Thus, the thermal performance instability is considered to originate from three main sources: the temperature dependence of the piezoresistive coefficient and resistances, the residual stress in the deposited thin-film layers, and the residual stress due to the adhesion of the Pyrex 7740 glass to the sensor chip (see Figure 3 ). 1) In the first set of steps, boron ions are implanted on part of each crossbeam peninsula to form the piezoresistors. The resulting piezoresistive coefficient is a function of the doping level and temperature. 2) In the second set of steps, thin films of 0.6 µm SiO 2 and 1.0 µm aluminum are deposited via LPCVD to protect the sensor surface and create the electrical connection lines of the Wheatstone bridge. 3) Finally, the back side of the sensor chip is attached to Pyrex 7740 glass at 300 to 600 • C. The fabrication process and packaging are the main sources of residual stress on the sensor membrane.
III. THERMAL PERFORMANCE INSTABILITY OF THE PIEZORESISTIVE PRESSURE SENSOR A. EFFECTS OF TEMPERATURE ON THE PIEZORESISTIVE COEFFICIENT AND RESISTANCES
When the pressure loading applied to the diaphragm is zero and the four piezoresistors are fully matched, the sensor output voltage must be equal to zero. However, temperature variations can change the values of the resistors; therefore, the offset voltage of the sensor will change. The influence of temperature on the piezoresistor behavior is described as follows [14] :
where i is the number of the piezoresistive element (i = 1, 2, 3, 4), T is the difference between the reference temperature T 0 and the operating temperature (the reference temperature is usually 200 • C), R i (T ) is the conductor resistance at temperature T , R 0i is the conductor resistance at the reference temperature, and α i and β i are the temperature coefficients of resistance (TCR). The Wheatstone bridge in Figure 2 is divided into two parts: the left and right half-bridges. The left half-bridge includes resistors R 1 and R 2 . For this half-bridge, the output voltage at temperature T is given by
The variation in the offset voltage of the left half-bridge at temperature T is given by
The resulting thermal variation in the zero-offset voltage can be written as
In the initial state, R 1 = R 2 = R 3 = R 4 = R 0 , and the resistance change R i is small relative to R 0 . The zero-offset voltage induced by TCR can be written as
Moreover, the piezoresistance coefficient is a function of the doping level and temperature of the p-type silicon. This function is denoted by π 44 (N , T ), where N is the doping level and T is the temperature, and is expressed as follows [20] , [23] :
where π 44 (N 0 , 300 K) is the piezoresistance coefficient at room temperature. In this study, consideration is given to the temperature features as well as the sensitivity. The ion implantation concentration is set to 3 × 10 −18 cm −3 , so π 44 (N 0 , 300 K) is 138.1 × 10 −11 Pa −1 . P(N , T ) is the piezoresistance factor, which depends on the doping level and temperature and is determined by the following equation:
where E f is the Fermi energy of the doped silicon and K b is the Boltzmann constant. The piezoresistance factor P(N , T ) and the piezoresistance coefficient π(N , T ) are functions of the doping level and temperature of the p-type silicon. For an operating temperature of T and a stress of σ on the sensor, the output voltage of the full bridge in (4) can be written as follows:
The first term in (12) is the output voltage induced by TCR, and the second is the effect of the temperature on the piezoresistive coefficient.
B. RESIDUAL STRESS DUE TO THE FABRICATION PROCESS
As mentioned above, the piezoresistive pressure sensor consists of a diaphragm and four piezoresistors. The resistors are placed on top of the membrane in high-stress regions to maximize the piezoresistive effect. Therefore, the sensor performance is strongly influenced by the stresses on the resistors. In addition to the stresses induced by pressure loading, residual stress, often arising from the fabrication process, plays an important role in the thermal hysteresis of the sensor. The sensor membrane is an important component: residual stress often arises during its preparation. As discussed in the third section, this residual stress is mainly induced by the deposition of the SiO 2 and Al passivation layers via LPCVD. Residual stress is defined as the stress remaining in a material and includes three components: thermal, intrinsic and quenching stresses [24] . Hsueh et al. [25] studied the residual stress in a multilayer system consisting of n thin layers, each of thickness t i , bonded sequentially to a substrate of thickness t s . In this case, the substrate is much thicker than the film layers. After the multilayer system is subjected to a temperature change of T , the residual stresses in the thin films (σ R i ) and in the substrate (σ R s ) can be calculated as follows:
where E = E/(1 − ν) is the biaxial modulus; E and ν are the Young's modulus and Poisson's ratio, respectively; and α i and α s are the coefficients of thermal expansion (CTEs) of the thin films and the substrate, respectively. When the sensor is subjected to a variable stress, the stress on the sensor membrane can been divided into two components: residual stress and pressure stress. Therefore, the output voltage of the pressure sensor is derived from (12) as follows:
This analysis shows that the temperature affects two main factors contributing to the sensor output, namely, the piezoresistive coefficient and the residual stress. Therefore, the sensor output is a function of the pressure and temperature. The rules governing this relationship can be determined through simulation and experiment. To demonstrate the behaviors discussed above, a three-layer simulation model is designed to study the thermal stresses and deflections of thin films on a silicon substrate. The fabrication procedure for the structure depicted in Figure 4 is as follows. The silicon dioxide is deposited on a 4-inch Si wafer via LPCVD at an average fabrication temperature of 800 • C. When the final thickness of the SiO 2 is 0.6 µm, the temperature is reduced, and the aluminum layer is deposited at 150 • C to a thickness of 1 µm. After these steps, the temperature is further reduced to 20 • C. The thermal load profile applied throughout these steps is shown in Figure 5 . In addition, a 3D model of the Si/SiO 2 /Al structure is established, with a mesh consisting of solid 8-node brick elements. The wafer is clamped at the outside edge to provide a simple fixing point such that the circumference of the substrate is fixed in the z direction and the bottom edge is fixed in the simulation model ( Figure 6 ). The material properties and reference temperatures of all components used in the FEA are listed in Table 1 . ANSYS is the FEA tool used to calculate the average thermal stresses. In this simulation, the birth and death technique is applied to the model in Workbench to represent the thin-film deposition. The simulation process is performed as follows:
1) The Si substrate is birthed at room temperature (20 • C).
2) The Si layer is heated to 700 • C, and the SiO 2 layer is deposited (the elements of the SiO 2 layer are birthed).
3) The Si and SiO 2 layers are cooled to 150 • C, the elements of the aluminum layer are birthed, and the Al layer is deposited. 4) When step 3 is complete, the structure is cooled to 20 • C. The residual stresses at the piezoresistor locations can be extracted to complete the analysis. The deflection along the z-axis after the deposition of the SiO 2 and Al layers is shown in Figure 7 , where the section forms an upward concavity with a maximum deflection of 361.8 µm at the center of the wafer. Moreover, Figure 8 shows the normal stress distributions oriented along the x-and y-axes. The stress on the x-axis varies from −9.85 MPa to 19.89 MPa, while that on the y-axis varies from −10.2 MPa to 22.59 MPa from the bottom of the substrate to the thin-film layers. These results show that the residual stress in the fabricated sensor can be calculated via FEA. Thus, this methodology can be used to predict the thermal hysteresis voltage shift. 
C. RESIDUAL STRESS DUE TO ANODIC BONDING
Anodic bonding is a wafer bonding process that is used to seal glass to silicon without introducing an intermediate layer. In contrast to other sealing techniques, anodic bonding involves heating and applying an electrical field to the bonding pair. The apparatus used for anodic bonding includes a hot plate, which is heated to the sealing temperature of 300 to 600 • C. The bonding parts are placed on the hotplate, and a high voltage between 200 and 2000 V is applied [26] . FEA is used to analyze the influence of the anodic-bonding-induced residual stress on the performance of the piezoresistive pressure sensor. The stress after heat is applied to the silicon membrane is obtained, and the offset voltage induced by the residual stress on the resistor is calculated using (4). Figure 9 shows one quarter of the finite element model of the packaged pressure sensor. The anodic bonding surface is located on the silicon membrane, and Pyrex 7740 glass is sealed to the cavity of the sensor. The materials used in the simulation are listed in Table 1 . The bonding temperature is set to 300 • C, 400 • C or 500 • C as the reference temperature. After anodic bonding, all parts are cooled to room temperature (20 • C) with a room air convection coefficient of 110 W/m 2 • C. The magnitude of the induced stress increases with increasing bonding temperature. When the bonding temperature is 300 • C, without any pressure load on the membrane, the residual stress at the resistor location is approximately 0.35 MPa. As shown in Figure 11 , the calculated output voltage is approximately 1.2 mV. When the bonding temperature is increased to 500 • C, the offset voltage increases to 2 mV. Thus, the bonding stress should be considered to improve the accuracy of the piezoresistive pressure sensor. In this work, a bonding temperature of 300 • C is selected for anodic bonding.
IV. FABRICATED SENSORS AND EXPERIMENTS

A. EXPERIMENTAL SETUP
After each fabricated sensor chip is separated from the silicon wafer, the back side of the sensor is attached to Pyrex 7740 glass. Hence, the chips to be used for measurement are selected from the center of the wafer surface, as illustrated in Figure 12 . Each fabricated pressure sensor is simply packaged for experimental testing, with the sensor die mounted on VOLUME 7, 2019 FIGURE 12. Fabricated sensor chip and packaged sensor. a metal base. A metal shell is used to protect the sensor chip, and the tested sensor is mounted on a special fixed-screw part of the structure. The thermal experimental setup is shown in Figure 13 . The sensor is placed in the temperature chamber, and the sensor and reference sensor are mounted in the output pressure ports of the micro pressure pump. The pressure applied to the sensor chip is controlled from 0 to 5 kPa with the micro pressure pump, and a reference pressure sensor is used along with a precision digital pressure calibrator to calibrate the tested sensor. A constant voltage bias of 5 V is applied to the Wheatstone bridge with DC power. At different pressure loads, the output of the sensor is measured using a digital multimeter.
B. RESULTS AND DISCUSSIONS
First, to demonstrate the thermal stability of the proposed sensor, measurements of the output voltage of the sensor within the range of 20 to 100 • C with zero pressure loading are presented. An expression for the measured output voltage V offset (T ) at temperature T is obtained via the polynomial fitting method (16) . The R-squared value of this equation is 0.992; note that a value closer to 1 indicates a better fit. Figure 14 shows the effect of temperature on the offset voltage. In this graph, each data point corresponds to data recorded over an interval of one hour. The results indicate that the zero-offset voltage is sensitive to temperature. The variation in the output offset decreases with increasing temperature; this behavior is attributed to the temperature dependence of the resistances and piezoresistive coefficient and the effects of the residual stresses generated during the fabrication and packaging processes. Second, to validate the thermal drift of the sensor when subjected to pressure loading on the membrane in a variable-temperature environment, the results of a series of experiments performed according to the following steps are reported.
1) Set the temperature to 20 • C using the temperature control chamber. 2) Apply increasing pressure from 0 to 5 kPa in steps of 1 kPa and measure the output for 120 seconds at each pressure value. 3) Decrease the pressure in steps of 1 kPa and similarly measure the output to complete the first cycle. 4) Repeat step (2) to start the second cycle. The measurements at each temperature point must be performed over multiple cycles. Each cycle consists of a forward excursion and a reverse excursion. The average output voltage of the pressure sensor at each temperature point is then calculated. 5) Repeat steps (1) to (4) while varying the temperature from 20 to 100 • C in steps of 20 • C. The results are summarized in Table 2 . The method of least squares is used to determine the linear best fit to the data in Table 2 at each temperature. The output voltage is a function of the variable pressure P at each tested temperature T i , and the fitting results yield the following set of equations. Figure 15 shows the sensor sensitivity versus temperature.
The results indicate that the output voltage increases as the temperature decreases. Therefore, the temperature influences the piezoresistive coefficient and the resistances of the resistors. The higher the temperature is, the smaller the piezoresistive effect and sensor sensitivity will be. Therefore, a temperature compensation method should be considered to reduce the temperature drift. Equation (17) can also be used to perform temperature compensation for the sensor.
V. CONCLUSION
In this study, the effect of temperature on the output of a piezoresistive sensor has been investigated through analysis of the influence of temperature on the resistances and residual stresses in the device. It can be concluded that the thermal performance instability of piezoresistive pressure sensors is mainly attributable to the effects of temperature on the piezoresistive coefficient and resistances, the residual stress due to fabrication and the residual stress due to packaging. Theoretical analysis indicates that the resistances vary with temperature and that the piezoresistive coefficient is a function of the temperature and doping level. Simulation results also show that residual stresses form in the sensor chip due to the deposition of the passivation layers and anodic bonding. The results show that the thickness of the deposited passivation layers and the fabrication temperature should be considered to reduce the residual stresses on the sensor chip. In addition, the residual stresses directly depend on the width of the glass base and the anodic bonding temperature.
To validate these analyses, piezoresistive pressure sensors were fabricated, and a series of experiments were conducted at different temperatures. The experimental results show that for the tested sensor design, the offset voltage is 7.74 mV at 20 • C, and it decreases with increasing temperature. In addition, the output voltage is a function of both the temperature and the pressure load. The results indicate that temperature and residual stress conditions should be considered to improve the performance of piezoresistive pressure sensors.
